Weyl semimetals (WSMs) have recently attracted a great deal of attention as they provide condensed matter realization of chiral anomaly, feature topologically protected Fermi arc surface states and sustain sharp chiral Weyl quasiparticles up to a critical disorder at which the system undergoes a quantum phase transition (QPT) into a metallic phase. However, the fate of the Fermi arc states has remained unexplored at the transition. We here numerically demonstrate the evolution of Fermi arcs against gradual onset of randomness and establish a bulk-boundary correspondence across this QPT. We show that with increasing strength of disorder the Fermi arc systematically looses its sharpness, and close to the WSM-metal QPT it completely dissolves into the metallic bath of the bulk of the system. Predicted topological nature of this transition can directly be observed in ARPES and STM measurements by following continuous deformation of the Fermi arcs with increasing disorder.
Introduction: With the rapid progress at the frontier of topological condensed matter physics, it has now become evident that the landscape of topological states of matter extends beyond gapped systems [1] [2] [3] and Weyl semimetal (WSM) has emerged as the paradigmatic representative of a topological metallic phase [4] [5] [6] [7] [8] [9] [10] [11] [12] . It features chiral Weyl fermions as low energy excitations at pairs of points in the momentum space where the non-degenerate valence and conduction bands touch each other. These so called Weyl points, akin to the lack of inversion and/or time-reversal symmetry, act as a source and sink of Abelian Berry curvature, and the monopole charge of the Weyl nodes defines the integer topological invariant of the system. Consequently, WSMs possess Fermi arcs as surface states that connect projections of the Weyl points onto the top and bottom surfaces, as shown in Fig. 1 .
Remarkably, a weakly disordered WSM describes a stable topological phase of matter. On the other hand, at strong disorder, the WSM undergoes a quantum phase transition (QPT), beyond which Weyl fermions cease to exist as sharp excitations and the system becomes a diffusive metal, as it has been recently established using both analytical [13] [14] [15] [16] [17] [18] [19] [20] [21] and numerical [22] [23] [24] [25] [26] [27] [28] techniques. However, the fate of the Fermi arc states in the vicinity of such QPT has remained unexplored. We here address this problem of fundamental importance, which is intimately tied to the question of the topological nature of this transition, by numerically following the evolution of topologically protected Fermi arc states as WSM becomes more disordered.
Results: We here demonstrate that topologically protected Fermi arc slowly dissolves into the emerging metallic bath accommodated by the bulk of a WSM as the strength of disorder is gradually increased in the system. At the brink of the onset of metallicity the Fermi arc completely deliquesces, as shown in Figs. 2 and 3 , which together constitute the central result of our work. Thus, a bulk-boundary correspondence is unveiled across the WSM-metal QPT that also establishes the topolog- in the clean system) with increasing strength of disorder W (quoted in each subfigure), within the energy window |E|/t ≤ 0.1. The locus of the states at E = 0 along kz constitutes the Fermi arc. With increasing disorder more chiral edge states on the surface can be accommodated within a fixed energy window as the Fermi velocity of bulk Weyl fermions, and consequently the velocity of chiral edge modes, gradually decreases. For weak disorder the zero energy states can be joined to construct a sharp Fermi arc (as shown in red for W = 0.6). But, at stronger disorder the number of states near zero energy and localized on the surface gets rather sparse. In the proximity to the Weyl semimetal-metal quantum phase transition that takes place for W = Wc = 1.0 ± 0.1 (see Fig. 4 ) and inside the metallic phase, the topological Fermi arc gets dissolved into the metallic bulk and the Fermi arc looses its support on the surface. Here the linear dimenion of the system along which we impose open boundary is L = 300.
ical nature of this transition: the disappearance of the Fermi arcs is directly related to the vanishing of the bulk topological invariant, as the metallic phase is topologically trivial. The continuous dissolution of the Fermi arc can directly be demonstrated through ARPES and STM measurements in recently discovered [4] [5] [6] [7] [8] [9] [10] [11] [12] and possibly in proposed WSMs in strongly correlated compounds, such as 227 pyrochlore iridates [29, 30] .
Model: To proceed with the numerical analysis, we subscribe to a simple realization of a WSM from the following tight-binding model on a cubic lattice
that features only two Weyl nodes at momenta ±K 0 , where
, where a is the lattice spacing and σs are the standard Pauli matrices. The two-component spinor basis can be chosen as Ψ k = (ψ k,↑ , ψ k,↓ ), where ψ k,↑/↓ is fermion annihilation operator with momentum k and spin/pseudo-spin projection ↑ / ↓. For convenience we here set t = 1, a = 1. In the vicinity of two Weyl nodes the low-energy excitations are described by left and right chiral Weyl fermions with the Hamiltonian
where v = ta bears the dimension of Fermi velocity. The low-energy dispersion around the Weyl nodes is given by E ± (q) = ±v|q|, where ± corresponds to the conduction and valence band, respectively. Thus a WSM represents a fixed point in three dimensions with z = 1, where z is the dynamic scaling exponent (DSE) that defines relative scaling between energy and momentum, according to E ∼ |q| z . Consequently, the density of states (DOS) in a WSM scales as (E) ∼ |E| 2 /v 3 .
Topology and Fermi arc:
The topological origin of the Fermi arc surface state, illustrated in Fig. 2 (top, left) , can be demonstrated from the above tight-binding model in the following way. If we set k z = 0, the resulting twodimensional Hamiltonian corresponds to a lattice model for time-reversal symmetry breaking quantum anomalous Hall insulator, which supports a topologically protected one dimensional gapless edge state. Hence, a threedimensional WSM can be envisioned as stacked layers of two-dimensional quantum anomalous Hall insulators in the k z direction, with − π 2a ≤ k z ≤ π 2a , for example, and each such layer accommodates an one dimensional gapless chiral edge state. Thus, the resulting WSM also supports gapless edge states on the surface in the k z − k y plane with energy dispersion ±vk y , respectively on the top and bottom surface, as shown in Fig. 1 . The topologically protected Fermi arc is constituted by the locus of the zero-energy states of these chiral modes between the Even though at weak disorder the Fermi arc remains sharp (see red dots for W = 0.6), it gradually dissolves into the emerging metallic bulk as the strength of disorder increases. In the close proximity to the semimetal-metal quantum phase transition and inside the metallic phase the low-energy states loose their support on the surface. Thus, the disappearance of the Fermi arc promotes a bulk-boundary correspondence associated with the disorder driven Weyl semimetal-metal quantum phase transition.
two Weyl nodes. Notice Fermi arc can also be found on the front and back faces in the k z −k x plane. But, for concreteness, we here focus only on the top surface. The localization length ( ) of each such copy of chiral edge state is proportional to the bulk gap for a given value of k z , which diverges as we approach the Weyl nodes (at ±K 0 ) from the center of the surface Brillouin zone (k z = 0). This feature is demonstrated through the fraction of the wave-function localized on the surface (inversely proportional to ) along the Fermi arc in Fig. 3 (top, left). We next study what happens with these topological surface states as the WSM is disordered and eventually the system undergoes a QPT into a metallic state.
Methodology: We here only consider random charge impurities since they are the dominant source of elastic scattering in any material. We impose an open boundary in the x-direction and the dimensionality of the system along this direction is denoted by L, while periodic boundary conditions are imposed in the other two directions with system size m y = m z = 60. In the presence of disorder, we furthermore assume that momenta k y and k z in the periodic directions are good quantum numbers on average. The disorder can then be represented as
x,ky,kz,σ ψ x,k y ,k z ,σ , with V distributed uniformly and randomly within the range [−W, W ]; see Ref. [31] . To establish the evolution of the Fermi arc, for each value of (k y , k z ) in the surface Brillouin zone, we calculate the eigenvalues and corresponding eigenvectors for a fixed disorder realization. We average over 600 such random disorder realizations. The arc state is then produced by selecting the sub-band of states with lowest energy that are localized on either side of the open face and are connected between the projections of bulk Weyl nodes on the surface Brillouin zone [31] . Our findings are summarized in Figs. 2 and 3.
QPT in the bulk: To set the stage we briefly review the effect of disorder in the bulk of a WSM. Following the methodology highlighted above, we compute the average DOS [ (E)] in a dirty WSM by imposing periodic boundary conditions in all three directions [31] . The Results are shown in Fig. 4 . Thus WSM remains a stable phase of matter up to a critical strength of disorder W c = 1.0±0.1, at which the system undergoes a continuous QPT and enters into a metallic phase, where DOS at zero energy becomes finite. Such QPT is characterized by DSE z = 1.49 ± 0.05 and correlation length exponent ν = 1.02 ± 0.05 [31] , in reasonably good agreement with previous studies [14-16, 18, 21, 22, 24, 25, 27] . Consequently, the average DOS displays distinct power-law behavior in the WSM (E) ∼ |E| 2 and at the QCP (E) ∼ |E|, following the general scaling form (E) ∼ |E| −1+d/z . The scaling theory also suggests that the Fermi velocity of Weyl fermion vanishes as the WSM-metal QCP is approached from the semimetallic side according to v ∼ |δ| (z−1)ν , where δ = (W − W c )/W c . Such prediction is consistent with the feature that with increasing disorder a WSM becomes more metallic. Namely, DOS near zero energy increases without altering the powerlaw behavior for W < W c , since (E) ∼ |E| 2 /v 3 , before entering the metallic phase where the average DOS at zero energy that scales as (0) ∼ δ (d−z)ν , becomes finite, see Fig.4 . Thus with increasing randomness the dispersion of chiral edge states E = ±vk y is expected to become more flattened. Next we numerically establish such qualitative change in the nature of the chiral edge states for weak disorder and breakdown of sharp Fermi arc states through the bulk-boundary correspondence across the WSM-metal QPT.
Bulk-boundary correspondence: In Fig. 2 we have shown the evolution of one-dimensional chiral edge states within a fixed energy window (|E|/t = 1.0) on the top surface from weak (W < W c ) to strong (W > W c ) disorder regime. As the Fermi velocity of bulk Weyl quasiparticles decreases with increasing disorder, a larger number of chiral edge states can be accommodated within the same energy window. These features agree with our numerical findings in the weak disorder regime, see Fig. 2 . As the strength of disorder approaches the critical one for WSM-metal QPT in the bulk from the semimetallic side of the transition, the number of low-energy states that are localized on one surface, however, decreases. Finally, in the close proximity to the QCP as well as inside the metallic phase there exists only very few low-energy states localized on the surface, and the notion of a sharp Fermi arc becomes moot. Thus across the WSM-metal QPT the topological Fermi arc dissolves into the metallic background, hosted by the bulk of the Weyl material.
In Fig. 3 we have displayed the fraction of the wavefunction localized on the top surface for same low-energy states belonging to one dimensional chiral modes, shown in Fig. 2 . We find that with increasing disorder the fraction of the wave function associated with the low-energy states, localized on the surface decreases monotonically. Close to the WSM-metal QPT, as well as inside the metallic phase, only a tiny fraction of the wave-function is localized on the surface, consistent with our previous observation that at strong disorder topologically protected Fermi arc looses its support on the surface. Thus, our numerical analysis establishes a direct bulk-boundary correspondence across the WSM-metal QCP and corroborates in favor of the topological nature of this transition.
Typically we find that the Fermi arc dissolves for W = W * < W c , with W * ≈ 0.8, irrespective (roughly) of the system size (see Fig. 2, Fig. 3 ) [31] . In any finite system the arc states from opposite surfaces enjoy a finite overlap, which is, however, inversely proportional to the localization length of arc state for a given value of k z . Thus, such an overlap is nominal at the center of the arc, but increases monotonically as we approach the Weyl node, where the arc states from the top and bottom surfaces get connected via bulk Weyl points. With the introduction of disorder the correlation length (ξ), which diverges as ξ ∼ |δ| −ν as one approaches the WSM-metal QCP, becomes important. In particular, when ξ ∼ L the entire Fermi arcs from opposite faces overlap significantly and they loose support on the surface. In any finite system it occurs for W < W c , and the Fermi arc dissolves into the metallic bath of a Weyl system for subcritical strength of disorder. Hence, the dissolution of sharp Fermi arc at strong disorder is a precursor of the WSM-metal QPT in the bulk, which through bulkboundary correspondence unveils the topological nature of this transition. End points of the Fermi arc where overlap between the two surfaces is much larger in the clean system disappear for even weaker disorder (W < W * ).
Conclusions: From the gradual disappearance of a sharp Fermi arc on the surface of an increasingly disordered WSM, we here numerically demonstrate the bulkboundary correspondence associated with the WSMmetal QPT as well its topological nature that can also be observed in various Weyl materials through ARPES and STM measurements. Such outcome is also germane for topological Dirac semimetals since they feature linearly dispersing quasiparticles in the bulk and arc states on the surface, and can be realized in Cd 3 As 2 and Na 3 Bi [32] [33] [34] . It will be interesting to investigate the fate of the Fermi arcs in other members of the Weyl family, such as double and triple WSMs, in the presence of randomness. As disorder is respectively marginally relevant and relevant in these two systems, we expect the Fermi arcs to disappear for infinitesimal strength of disorder. In addition, understanding the role of various non-perturbative effects in the presence of disorder [35] [36] [37] 
I. DETAILS OF THE ALGORITHM FOR FINDING FERMI ARC STATES
We here present the details of the algorithm used to extract the arc states across the WSM-metal transition. We consider a cubic lattice with periodic boundary conditions in theŷ andẑ directions, while the translational symmetry is broken in thex direction, as we impose an open boundary in this direction. Such setup allows us to track the Fermi arc surface state on the (k y , k z ) plane. In the clean system, the spectrum and corresponding wavefunctions in terms of the real space coordinate x and momentum k ≡ (k y , k z ), can directly be calculated using exact diagonalization techniques from the lattice Hamiltonian given by Eq. (1) in the main text. Namely, the Hamiltonian features a block diagonal form in terms of 2L × 2L blocks, where L represents the system size in thex direction, and each block depends on the momentum k in the periodic directions. The resulting Fermi arc for L = 300 has been shown in Fig. 1 and Fig. 2 in the main part of the paper, while we also display it for L = 100 (Fig. 6 and Fig. 8 ) and L = 200 (Fig. 7, Fig. 9 ) in this Supplementary Materials.
Upon introduction of potential disorder, the Hamiltonian is, however, no longer translationally invariant as reflected in the off-diagonal components of the disorder potential
where m y and m z denote the system size in theŷ andẑ directions, respectively. In our calculations we set m y = m z = 60 throughout. In the following, we assume that translational symmetry is preserved on average, and therefore capture the effect of potential disorder by
with a uniformly, but randomly distributed disorder variable V ∈ [−W, W ], and W corresponds to the disorder strength. Thus W = 0 represents a clean system. We subsequently sort the eigenstates according to energy and perform an average over 600 disorder realizations to obtain a spectrum of average energies and corresponding normalized wavefunctions. In this averaging procedure we keep track of the relative overlap of the wavefunctions and ensure that orthogonal states close in energy are not averaged over.
We then extract the arc states of a system with open boundary conditions in thex direction. For concreteness we only consider the top surface and select for a momentum k the state displaying the largest weight A(k) given by
where the top surface is at x = x t and the spin/pseudo-spin indices (↑ and ↓) are explicitly labeled. Considering the clean system first, we find a band of highly localized states with A t ∼ 1, as function of the momentum k. We then inside the metallic phase, yielding the correlation length exponent ν = 1.02 ± 0.05. We here impose periodic boundary conditions in all three directions.
find the Fermi arc as a zero-energy sub-band in this set of localized surface states, which connects the projected Weyl points (k y , k z ) = (0, ±π/2) in the surface Brillouin zone (SBZ).
We apply the same procedure in the presence of disorder by using the fact that the momentum k can be considered as a good quantum number on average. We select the highest localized states for each momentum in the SBZ and then take a small energy window ∆E (∆E ∼ 0.1) around zero energy, such that we obtain a connected patch of one-dimensional chiral edge states; the locus of the zero energy modes constitute the topological Fermi arcs. As long as it is possible to obtain such a connected patch of one dimensional chiral edge states localized on the SBZ we can construct the Fermi arc. Throughout we measure energy (E) in units of the tight-binding hopping parameter t (see Eq. (1) of main paper), set to be unity for convenience.
II. CHARACTERIZATION OF THE WEYL SEMIMETAL-METAL PHASE TRANSITION IN THE BULK OF THE SYSTEM
To corroborate our analysis on gradual dissolution of the Fermi arcs as the system approaches the semimetal-metal quantum critical point (QCP), we also consider the disorder driven WSM-metal QPT in the bulk of the system by imposing the periodic boundary conditions in all three directions. Understanding the role of disorder in a WSM (and other closely related systems that also support linearly dispersing quasiparticles such as Dirac semimetal) and the possibility of a strong disorder driven WSM-metal QPT has culminated in a surge of analytical [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and numerical [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] works in recent past. We here compute the average density of states (ADOS) following the methodology highlighted in the previous section, and locate the WSM-metal critical point (W c ), extract the values of the dynamical critical exponent (DSE) (z) and the correlation length exponent (CLE) (ν) using the scaling analysis of ADOS, which we present below. The central results are summarized in Fig. 5 .
The general scaling theory mandates the following scaling form of the ADOS in a disordered WSM as a function of energy E, the linear dimensionality of the system L and the reduced distance from the QCP δ =
where F is a universal, but typically unknown scaling function. [1, 3, 7, 8, 10, 21, 23, 25, 26, 28] We here analyze the behavior of the scaling function in semimetallic, quantum critical and metallic regimes of the phase diagram of a dirty WSM for sufficiently large systems, so that we can neglect the finite size corrections to the scaling function F and work in the limit L → ∞. As demonstrated below, the scaling of ADOS allows us to extract critical exponents z and ν at the WSM-metal QCP. First, we focus on the ADOS at zero energy [ (0)], as a function of disorder (W ), as shown in Fig. 5(a) . Notice that (0) is pinned to zero for weak enough disorder while beyond a critical strength of disorder, which we estimate to be W c = 1.0 ± 0.1, it becomes finite and system enters into the metallic phase. Thus critical strength of disorder for WSM-metal QPT in the bulk is W c = 1.0±0.1, and (0) can be used as bonafide order-parameter across this transition. E we obtain the DSE z to be z = 1.49 ± 0.05; see Fig. 5(b) . It is worth pointing out that numerically extracted value of the DSE from our method (highlighted in Sec. I) matches quite well with the predictions from the scaling of ADOS obtained by using well established Kernel polynomial method (KPM) [21, 23, 25, 26, 28] and the scaling of conductance obtained via transfer matrix formalism [24] .
Finally, to obtain CLE, we turn our attention to the metallic side of the transition, where ADOS at zero energy becomes finite, suggesting F (x) ∼ x 0 (to the leading order) in the metallic phase. From the scaling function in Eq. (6), we then obtain (0) ∼ δ (d−z)ν . Thus by comparing (0) vs. δ, we extract the CLE to be ν = 1.02 ± 0.05; see Fig. 5(c) . The extracted value for the CLE matches reasonably well with the ones obtained by using KPM method [21, 23, 25, 26, 28] . In this Section, we focus on systems with linear dimension L = 100 (see Fig. 6 , Fig. 8 ) and L = 200 (see Fig. 7 , Fig. 9 ) in thex direction, along which we also impose open boundary, and present evolution of one dimensional chiral edge states on the top surface (see Fig. 6 and Fig. 7) and variation of the localization of the same set of the surface states (see Fig. 8 and Fig. 9 ) with increasing disorder. Recall that the Fermi arc can be constructed by joining the locus of the zero energy mode of the chiral edge states. The results are qualitatively the same as for the system size L = 300. Most importantly, the Fermi arcs dissolve into the metallic bath in the bulk at the disorder strength W = W * < W c , with W * 0.8 − 0.9, in the same range as for the system size L = 300, as we find using the scaling arguments presented in the main text. In addition, from the scaling analysis we can roughly estimate the strength of disorder W * for which the Fermi arc dissolves into the bulk metallic bath, as discussed below. Estimated values for W * in various systems with linear dimension L along the open boundary direction match reasonably well the numerically extracted value of W * .
We can roughly estimate the strength of disorder (W * ) at which the Fermi arc state looses its support on the surface in the following way. It should be noted that W * defines only a crossover boundary between the semimetallic to quantum critical regime in a finite size system. Recall that we expect the dissolution of the arcs to take place when the correlation length
which allows us to estimate W * as linear dimension L varies. Both ξ and L are measured in units of the lattice spacing a. Now we can set W c = 1 (see Fig. 5(a) ), and for the sake of simplicity we assume ν = 1, consistent with numerically extracted value (see Fig. 5(c) ). It should be noted that there is a dimensionless non-universal constant (c) that enters in the definition of the correlation length according to ξ = c Wc−W Wc −ν , which can be estimated (roughly) in the following way. From the data presented in Fig. 2 and Fig. 3 of main text, we estimate W * = 0.9 for L = 300, yielding c = 30. From the estimated value of the non-universal constant c = 30, we then obtain W * = 0.85 for L = 200 and W * = 0.7 for L = 100. From Figs. 6, 7, 8, 9 of this Supplementary Material, we find that the Fermi arc dissolves into the metallic bath for W * = 0.8(±0.1), which within the numerical error bar agrees with the estimation for W * . 
